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We report a low-energy collective excitation mode in 
charge-ordered multiferroic LuFe2O4 via terahertz time 
domain spectroscopy. Upon cooling from 300 K to 40 K, 
the central resonance frequency showed a pronounced 
hardening from 0.85 THz to 1.15 THz. In analogy to the 
well-known low-energy optical properties of LuFe2O4, 
we attributed this emerging resonance to the charge-
density-wave (CDW) collective excitations. By using the 
Drude-Lorentz model fitting, we observe the CDW col-
lective mode becomes increasingly damped with increas-
ing the temperature. Furthermore, we analyze the kinks 
of the CDW collective mode at the magnetic transition 
temperature, which indicates the coupling of spin order 
with electric polarization. 
   
1 Introduction The multiferroics are materials that 
exhibit both ferroelectricity and magnetic order in a com-
mon range of temperature [1,2]. The multiferroics are 
widely used in modern electronics, such as memory ele-
ments, filtering devices and high-performance insulators 
[3]. Mixed valence material LuFe2O4 is one of the novel 
multiferroics, which originates from peculiar polarization 
mechanism compared with the typical ferroelectrics [4,5]. 
Raman [6,7], infrared (IR) [8], and neutron diffraction 
spectroscopy [9] investigations have been carried out on 
LuFe2O4, illustrating its structural, charge ordering, and 
ferrimagnetic order properties. Initial studies revealed bulk 
ferroelectric order below the charge ordering temperature, 
TCO~320 K, resulting in a spontaneous electric polarization, 
that further increased upon the appearance of ferrimagnetic 
spin order below TN~240 K. In addition, a magneto-
structural, first-order type transition has been observed at 
TLT = 175 K, which is dependent on the precise oxygen 
content of the samples [10]. 
Because the formation of charge ordering between Fe 
atom-layers breaks the inversion symmetry, LuFe2O4 com-
posed of the layer structure with triangle lattice including 
Fe ions [11,12]. Actually, charge order can be described in 
terms of charge-density-waves (CDW), Y. Yamada et al. 
showed that the LuFe2O4 system stabilized in the lowest 
temperature is characterized by an incommensurate CDW 
state [13,14]. Additionally, in situ cooling transmission 
electron microscopy shows that the charges at low temper-
atures are crystallized in a charge-stripe phase, in which 
the CDW behavior in a nonsinusoidal fashion results in el-
emental electric dipoles for ferroelectricity [15]. CDW, the 
modulation in the real space charge distribution, is typical-
ly associated with a distortion of the lattice, resulting in 
new excitations in infrared or Raman spectroscopy [16-18].  
On the other hand, spin and charge frustrated multifer-
roic LuFe2O4 has attracted much for a decade, owing to the 
observation of strong magnetoelectric coupling near room 
temperature [19-23]. Although, previous Raman and infra-
red studies have shown lattice anomalies through the suc-
cessive electronic and magnetic transitions, the intrinsic 
charge dynamics and its role on the magnetoelastic cou-
pling remains unclear. Recently, J. Lee et al. used ultrafast 
optical spectroscopy to show the influence of magnetic or-
dering on quantum charge fluctuations, which can govern 
the interplay between electric polarization and magnetism 
[24,25].  
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Figure 1 (a) The crystal structure of LuFe2O4. The average va-
lence of Fe ions is Fe2.5+, with Fe2+ and Fe3+ ions occupying 
equivalent sites in different layers with equal densities. (b) Sus-
ceptibility of the sample measured with a magnetic field of H = 
100 Oe applied parallel to the c-axis. The blue (red) points denote 
the ZFC (FC) data. 
 
Indeed, the terahertz time-domain spectroscopy (THz 
TDS) is a powerful tool to study the low frequency proper-
ties of dielectric materials [26-29], and the THz spintronics 
[30-35]. Much efforts have been devoted to the intriguing 
phenomenon of charge ordering in La0.25Ca0.75MnO3 by 
THz TDS [36,37].  
In this letter, we report the measurements of the equi-
librium dielectric characteristics of LuFe2O4 within THz 
range. A low-energy collective excitation mode was ob-
served below 300 K, which originates from the CDW of 
LuFe2O4. In addition, its temperature dependence suggests 
that electric polarization is found to be extremely suscepti-
ble to spin ordering. We combine THz TDS with magnetic 
characterization to gain a deeper understanding of magne-
toelectric coupling in LuFe2O4 single crystal.  
 
2 Experiment A single crystal platelet with the c-
axis perpendicular to the ab plane was obtained from a 
LuFe2O4 single crystal [9]. The crystal growth was 
performed with optical floating-zone furnaces (Crystal 
Systems Inc.) in a flowing CO/CO2 atmosphere (ratio 
17/83%). Feed and seed rods counter-rotated in this setup 
at 30 rpm, with the growth proceeding at 0.5–1 mm/h. The 
initial growth was performed with polycrystalline seed 
rods, but subsequent growths used a cleaved single crystal 
as a seed. The growths of LuFe2O4 typically yielded 
multigrain samples. The high-quality single-grain crystals 
used here were cleaved from such growth sample. The 
sample was polished on both sides and has a thickness of 
0.72 mm. LuFe2O4 belongs to the rhombohedral system (R-
3m) and consists of two typical layers stacked alternately 
along the c-axis direction, the hexagonal double layers of 
Fe ions are sandwiched by Lu2O3 layers, which is depicted 
in Fig. 1 (a). 
Figure 1 (b) shows temperature-dependent zero-field-
cooled (ZFC) and field cool warming (FCW) magnetiza-
tion data of the LuFe2O4 single crystal sample measured at 
an applied field of 0.01 T. Two magnetic transitions can be 
observed from the data. A peak at ∼240 K, which is at-
tributed to the ferrimagnetic ordering of spins of charge-
ordered Fe
2+
 and Fe
3+
 ions. While a second transition is ob-
served at TLT≈175 K, which is reported to be associated 
with the changes in the magnetic structure with antiferro-
magnetic nature [10]. Our data agree with what was re-
ported for single crystal LuFe2O4 [38]. 
The normal-incidence THz transmission of the 
LuFe2O4 was measured with a standard low-temperature-
grown (LT) GaAs - based terahertz time-domain spectros-
copy (THz TDS). Briefly, the output of a mode-locked 
Ti:sapphire laser, with pulse duration of 100 fs, centered 
wavelength of 800 nm, and repetition rate of 80 MHz (Mai 
Tai HP-1020, Spectra-Physics), was used to generate and 
detect the THz transient. The emitter and detector of the 
THz wave were dipole type LT GaAs photoconductive an-
tennas. The THz beam has a diameter of about 5 mm on 
the sample. The temperature is varied between 40 K and 
300 K by using a helium cryostat.  
 
3 Results and Discussions Figure 2 shows the 
THz transmission spectra with the electric field of THz 
waves, measured in the temperature range of 40 K to 300 
K. The polarization of the THz pulse lies within the ab-
plane and is perpendicular to the c-axis of the sample 
(ETHz⊥ c). The transmitted electric field of THz pulse 
through the sample (Esam) and the reference (Eref) are rec-
orded in time domain, as shown in Fig. 2 (a). The ampli-
tude of the transmitted terahertz waveforms is reduced due 
to the absorption of the sample. Fig. 2 (b) shows the corre-
sponding transmittance spectra obtained by numerical Fou-
rier transformation. With increasing temperature, the 
transmittance is gradually suppressed, as shown by the ar-
row. In particular, in the inset of Fig. 2 (b), a clear absorp-
tion peak at around 1.15 THz is observed at 40 K.  
With the THz TDS data, we can evaluate the complex 
refractive index  ?̃? without using Kramers-Kronig analysis. 
The complex spectrum of the transmitted pulse Esam(ω) is 
determined by the product of the input spectrum Eref (ω) 
and the total transmission function of the sample, [39, 40] 
                
𝐸𝑠𝑎𝑚(𝜔)
𝐸𝑟𝑒𝑓(𝜔)
= 𝑡12𝑡21exp (−𝑖
𝜔
𝑐
𝑑(?̃? − 1)) (1)  
where 𝑡12  and 𝑡21  are the frequency-dependent complex 
Fresnel transmission coefficients, d is the thickness of the 
sample. ?̃? = 𝑛 + 𝑖𝜅 is the complex refractive index of the 
sample. The frequency dependent refractive index n and 
power absorption α =
4𝜋
𝜆
𝜅 can then be determined by the 
experimental data directly.  
Figure 3 (a) shows the power absorption within the 
frequency region from 0.2 to 1.5 THz. The power absorp-
tion gradually increases with increasing frequency. A reso-
nance-like absorption peak appears in the spectra around 
0.8 THz below 280 K. Our measurements show that the 
shape and position of this absorption peak are strongly 
temperature dependent. A resonance feature clearly ap-
pears in the spectra around 1.15 THz at 40 K, which will 
be discussed later.  
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Figure 2 (a) Typical THz wave forms in the time-domain of 
LuFe2O4 measured by electro-optic sampling from 40-300 K in 
zero magnetic field. (b) The corresponding power transmittance 
spectrum 𝑇 =
𝐸𝑠𝑎𝑚(𝜔)
𝐸𝑟𝑒𝑓(𝜔)
 of LuFe2O4 single crystal. 
 
Figure 3 (b) shows the refractive index at different 
temperatures. It can be found that the resonant frequency 
corresponds to the dispersive feature appears in the spectra 
at 40 K. As shown in the inset of Fig. 3 (b), the mean value 
of refractive index over the whole spectral range increases 
from 3.79 to 3.90 with increasing the temperature from 40 
K to 300 K. 
Upon cooling from room temperature, the charge-
ordered phase in LuFe2O4 occurs below TCO=320 K, fol-
lowed by ferromagnetic spin order below TN=240 K. 
Therefore, the spin order of the sample should be consid-
ered in our LuFe2O4. We obtain [εμ] spectra via εμ = ?̃?
2, 
where ε is the complex dielectric constant and μ the com-
plex magnetic permeability. 
Figure 4 shows the temperature-dependent real and 
the imaginary part of the [εμ] spectra of the LuFe2O4 single 
crystal. With decreasing the temperature, both Re[εμ] and 
Im[εμ] tend to decrease in magnitude. We can observe the 
signature of the dispersive structure and resonance peak 
around 4.6 meV at 40 K in Re[εμ] and Im[εμ] spectra, re-
spectively. Above 240 K, the broad peak structure is en-
larged and obscured, as shown in Im[εμ] spectrum. We can 
not identify the clear signature of the peak structure above 
300 K in Im[εμ] spectrum. 
As previous THz investigation have revealed that the 
conductivity of LuFe2O4 does not coincide with the Drude 
model [41,42]. As indicated by the solid lines in Fig. 4, we 
fitted the permittivity spectra using the following 
Drude−Lorentz (DL) model, to see quantitatively how the 
observed mode changes with temperature [43], 
         𝜀(𝜔) = 𝜀∞ −
𝜔𝑝
2
𝜔2+𝑖Γ𝜔
+ ∑
𝐴𝑛
2
𝜔𝑛
2−𝜔2−𝑖Γ𝑛𝜔
𝑛  (2) 
where ε∞ is the relative permittivity as the ω goes to in-
finity, the second term is the Drude term with plasma fre-
quency 𝜔𝑃 and damping constant Γ =
1
𝜏
. 
 
Figure 3 (a) Absorption coefficients α(ω) and (b) refractive indi-
ces n(ω) of the c-cut LuFe2O4 crystal. The absorption spectra are 
offset by 20 cm-1 from each other and labelled with the tempera-
ture, from 40 K to 300 K. Inset of (b) shows the mean value of 
the refractive indices within the frequency range of 0.3-1.5 THz, 
as a function of temperature.  
 
The terms in the summation correspond to the collective 
excitations with 𝐴𝑛 , 𝜔𝑛 , and Γ𝑛  giving the strength, reso-
nance frequency, and damping of the model, respectively, 
which hold important information on the charge ordering, 
will be discussed later.  
It is instructive to distinguish the dielectric and mag-
netic contributions to [εμ] spectrum, which can be obtained 
by measuring the THz transmittance and the reflectance 
spectra simultaneously [44,45]. However, we note that a 
large uncertainty of the measured data at first echo, owing 
to strong absorption of the crystal. Therefore, in fitting the 
[ εμ ] spectrum, we assumed the magnetic permeability 
μ ≈ 1, justified by a much smaller contribution of μ to the 
complex refractive index compared to the ε. [33,46]. It is 
also noteworthy that the parameters are determined with 
good accuracy by the fitting on the real and imaginary 
parts of the dielectric spectrum simultaneously.  
As shown in Fig. 4 (b), we found that the ε(ω) can be 
well reproduced by a Drude term and two Lorentz terms. 
Here, we named them as low- and high-frequency mode, 
respectively. They have different contributions to the ε(ω): 
a resonance feature for the low-frequency mode, and a 
background dispersive feature covering the entire frequen-
cy window - the tail of the resonance of high-frequency 
mode. Note also that the spectral weight of the electronic 
Drude-term is substantially suppressing as temperature de-
creased.  
Generally, optical absorption of ionic crystals in the 
far-infrared THz region is attributed to the lattice vibra-
tions [28]. The interaction of a radiation field with the fun-
damental lattice vibration results in absorption of electro-
magnetic wave due to the creation or annihilation of lattice 
vibration. We therefore, assigned the high-frequency mode 
to the infrared Eu phonon mode, which corresponds to the 
motion within the ab plane of the LuFe2O4 single crystal.  
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Figure 4 Equilibrium optical properties of LuFe2O4. (a) Real and 
(b) imaginary parts of the frequency-dependent equilibrium per-
mittivity [εμ] at different temperatures. The detection limit in our 
experiments is 0.15 meV. Circles represent the experimental data. 
Black lines indicate the fits by Drude-Lorentz model (Eq. (2)). 
The dashed lines and purple region are components of the back-
ground absorption of Eu mode at around 10 THz (40 meV) and 
collective excitation mode, respectively. Green region shows the 
dielectric response based on Drude-term.  
 
In the fitting, according to Harris and Yildirim’s symmetry 
assignments [6, 47], we fix the resonant frequency of the 
high-frequency mode at 10 THz (40 meV) at various tem-
peratures.  
We now turn to the low-frequency feature, which was 
previously assigned to the soft TO1 mode [41,46]. Howev-
er, Li et al. could not carry out a detailed study due to low 
signal-to-noise ratio [41]. Usually, the soft phonon mode is 
closely associated with the symmetry of the crystal before 
and after the phase transition. A ferroelectric soft phonon 
TO1 mode with the frequency decreasing rapidly at Tc is 
the signature of the structure distortion [48]. However, the 
low-frequency mode observed here appears below the low-
est optical phonon energy [6]. Additionally, previous stud-
ies have shown that the bulk ferroelectric polarization 
mainly arises from the 3D alternation arrangement of va-
lence-charges, instead of the spatial displacement of cati-
ons in the congenital ferroelectric materials [4,15].  
In order to investigate the origination of the low-
frequency resonance, we have explored the temperature 
dependence from 40 K to 300 K. Figure 5 summarizes the 
temperature dependence of the resonance frequency ω(T) 
and damping constant Γ(T) of the low-frequency mode in 
LuFe2O4, extracted from the DL fitting. The central fre-
quency ω does not considerable change above 240 K, 
while undergoes a large hardening from 0.85 THz at 240 K 
to 1.15 THz at 40 K. The resonance frequency not only be-
comes “hard”, we also find that the spectral shape narrows 
down. Consequently, the damping constant Γ of the collec-
tive excitation mode decreases from 0.8 THz to 0.1 THz. 
On the one hand, we note here that the observed structure 
has a relative small spectral weight compared to the single-
particle excitation and spin-density-wave [18,50]. On the 
other hand, herein, the value of Γ is on the same order of 
that observed in Pr0.7Ca0.3MnO3 [51]. Therefore, qualita-
tively and quantitatively, our observation of low-frequency 
collective excitation is in fair agreement with previous ex-
periments reporting the CDW in several manganite sys-
tems [37] and layered system [52,53].  
We note that the CDW ground state opens band gaps 
at the Fermi level and exhibits new low-energy collective 
excitations, the amplitude mode (amplitudon) and phase 
mode (phason), which correspond to distortions and trans-
lations of the modulated charge density [54]. Phason is 
pinned at a finite frequency (usually in the microwave fre-
quency range), due to the presence of impurities or defects. 
While, the amplitudon involves the ionic displacement and 
has an energy scale of about 10 meV, even at the q=0 limit 
[53]. Indeed, the assignment of the low-frequency CDW 
mode to the amplitudon or the phason requires the time 
and momentum-dependent electronic structures dynamics 
of LuFe2O4. The time- and angle-resolved photoemission 
spectroscopy (tr-ARPES) is presently beyond the capabili-
ties of our experiments. 
Finally, as shown in Fig. 5 (b), Γ decreases from 0.8 
THz (300 K) to 0.4 THz (240 K) significantly and then 
from 0.4 THz (180 K) to 0.1 THz (40 K), with two clear 
kinks around TN=240 K and TLT=180 K. This magnetic or-
dering tuning effect suggests the magnetoelectric coupling 
in LuFe2O4.  
 
Figure 5 Temperature dependences of (a) central frequency and 
(b) damping constant Γ of the collective amplitude mode. Vertical 
dashed lines denote the transition temperatures of the magnetic 
orderings at 180 K and 240 K.  
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The physics picture observed here can be qualitatively 
discussed as follows. In general, magnetic ordering can 
modify the effective hopping amplitude between two Fe 
ions via the double-exchange mechanism [55]. That is, the 
hopping is governed by the angle between the two core 
spins. The change in the hopping amplitude will necessari-
ly affect the quantum fluctuations of charge ordered state 
[24].  
We observe that, (1) as shown in Fig. 2 (b), the mag-
netization increases as the temperature below TN; (2) as 
shown in Fig. 4 (b), the spectral weight of the free carrier 
Drude-term gradual decreases with decreasing the tem-
perature, indicating the suppressed average hopping ampli-
tude at low temperature. Therefore, by decreasing the 
charge hopping through the double exchange mechanism, 
the increased ferromagnetic spin ordering (below 240 K) 
increases the polarization below TN. This is also the reason 
for hardening of the frequency of the CDW collective 
mode below 240 K. The observed anomalies on ω(T) and 
Γ(T) are originated from the different spin structure across 
two magnetic transitions, which indeed deserve further in-
vestigation.  
 
4 Conclusion We have reported here an investigation 
of the spin- and charge-ordered multiferroic LuFe2O4 in the 
THz range, by using the THz-TDS. The real and imaginary 
parts of the dielectric constants were accurately determined 
in the frequency range from 0.2 – 1.5 THz (0.82–6.15 
meV). We have found broad resonance shoulder appears 
below TCO~320 K, and shifts to higher frequency with nar-
rower bandwidth below TN~240 K, which have been as-
signed to the CDW collective excitation mode in LuFe2O4 
single crystal. We also discussed the magnetoelectric cou-
pling in LuFe2O4 by the correspondence between the evo-
lution of the THz CDW collective excitation and the mag-
netic behaviour. We hope that our analysis will gain a 
deeper understanding of charge ordering in LuFe2O4 single 
crystal, which provide the essential information for funda-
mental properties and potential applications.  
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[44]  H. Němec , F. Kadlec , P. Kužel, L. Duvillaret , J.-L. Coutaz, 
Optics Communications 260, 175 (2006). 
[45] G. Song, J. Jiang, X. Wang, Z. Jin, X. Lin, G. Ma, and S. 
Cao, J. Appl. Phys. 114, 243104 (2013). 
[46]  N. Kida, Y. Ikebe, Y. Takahashi, J. P. He, Y. Kaneko, Y. 
Yamasaki, R. Shimano, T. Arima, N. Nagaosa, and Y. To-
kura, Phys. Rev. B 78, 104414 (2008) 
[47] A. B. Harris and T. Yildirim, Phys. Rev. B 81, 134417 (2010) 
[48]  V. Železný, Eric Cockayne, J. Petzelt, M. F. Limonov, D. E. 
Usvyat, V. V. Lemanov, and A. A. Volkov, Phys. Rev. B 66, 
224303 (2002). 
[49] Y. Zhang, H. X. Yang, Y. Q. Guo, C. Ma, H. F. Tian, J. L. 
Luo, and J. Q. Li, Phys. Rev. B 76,184105 (2007). 
[50]   G. Grüner, Rev. Mod. Phys. 66, 1 (1994). 
[51]  N. Kida and M. Tonouchi, Phys. Rev. B 66, 024401 (2002). 
[52]  R. Y. Chen, B. F. Hu, T. Dong, and N. L. Wang,  Phys. Rev. 
B 89, 075114 (2014). 
[53] R. Y. Chen, S. J. Zhang, M. Y. Zhang, T. Dong, and N. L. 
Wang, Phys. Rev. Lett. 118, 107402 (2017). 
[54] H. Y. Liu, I. Gierz, J. C. Petersen, S. Kaiser, A. Simoncig, A. 
L. Cavalieri, C. Cacho, I. C. E. Turcu, E. Springate, F. 
Frassetto, L. Poletto, S. S. Dhesi, Z.-A. Xu, T. Cuk, R. 
Merlin, and A. Cavaller, Phys. Rev. B 88, 045104 (2013). 
[55]  C. Zener, Phys. Rev. 82, 403 (1951). 
